Spin-orbit coupling is an important ingredient in many spin liquid candidate materials, especially among the rare-earth magnets and Kitaev materials. We explore the rare-earth chalcogenides NaYbS2 where the Yb 3+ ions form a perfect triangular lattice. Unlike its isostructural counterpart YbMgGaO4 and the kagomé lattice herbertsmithite, this material does not have any site disorders both in magnetic and non-magnetic sites. We carried out the thermodynamic and inelastic neutron scattering measurements. The magnetic dynamics could be observed with a broad gapless excitation band up to 1.0 meV at 50 mK and 0 T, no static long-range magnetic ordering is detected down to 50 mK. We discuss the possibility of Dirac spin liquid for NaYbS2. We identify the experimental signatures of field-induced transitions from the disordered spin liquid to an ordered antiferromagnet with an excitation gap at finite magnetic fields and discuss this result with our Monte Carlo calculation of the proposed spin model. Our findings could inspire further interests in the spin-orbit-coupled spin liquids and the magnetic ordering transition from them.
Introduction.-Quantum spin liquid (QSL) is a long-range entangled "quantum liquid" state of interacting spins [1-3], which is believed not only to help to understand hightemperature superconductivity, but also be applied in the quantum data storage and computation. Although there has been much theoretical effort, the firm experimental establishment of this interesting and exotic phase is still lacking. Limited behaviors have been confirmed and actively investigated on a few spin liquid candidate compounds, such as the organic materials [4] [5] [6] [7] κ-(BEDT-TTF) 2 Cu 2 (CN) 3 and EtMe 3 Sb[Pd(dmit) 2 ] 2 , kagomé herbertsmithite [8, 9] ZnCu 3 (OH) 6 Cl 2 , the cluster Mott insulator [10, 11] 1T-TaS 2 in the commensurate charge density wave phase, the honeycomb Kitaev material [12] [13] [14] [15] [16] α-RuCl 3 , pyrochlore spin ice materials [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] , and the rare-earth triangular lattice magnet YbMgGaO 4 . However, some of these exotic properties in these candidate materials were interfered by the imperfect effects, such as the distorted lattice, relatively low-energy scale of the spin interactions, anti-site ionic disordering, and restricted experimental resolution, and the intrinsic magnetic behaviors may be shaded. Therefore, investigating an ideal compound and revealing the intrinsic quantum and magnetic properties related to QSLs seem to be crucial to our field. Previously, part of us and many others have worked extensively on the rare-earth triangular lattice magnet YbMgGaO 4 [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] where the Yb 3+ ions form a perfect triangular lattice with spin-orbit-entangled effective spin-1/2 local moments. It was thus proposed that, YbMgGaO 4 is likely to be the first spin liquid candidate in the strong spin-orbitcoupled Mott-insulators with odd electron fillings [30, 31, 47] and goes beyond the conventional Oshikawa-Hastings-Lieb-Schultz-Mattis theorem [48] [49] [50] [51] that requires the U(1) spin rotational symmetry. In YbMgGaO 4 , the potential issue is about the Mg-Ga disorder in the non-magnetic layers. To what extent the non-magnetic disorder in the non-magnetic layer would impact the intrinsic magnetic properties of the system may require a further scrutiny. In this work, instead of delving with YbMgGaO 4 , we turn to a different route. This is motivated by the robustness of QSLs and the principle of universality. If the QSL ground state is relevant for YbMgGaO 4 , arXiv:2002.09224v1 [cond-mat.str-el] 21 Feb 2020 then YbMgGaO 4 should not be alone. It is likely that similar QSLs could be realized in other triangular lattice rare-earth magnets. On the other hand, other triangular lattice rare-earth magnets could potentially get rid of the non-magnetic disorder issue that was suggested for YbMgGaO 4 . Indeed, a series of rare-earth chalcogenides was recently identified [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] as candidates for QSLs, and apparently there is no structural disorder like the Mg/Ga disorder in YbMgGaO 4 . In this work, we combine the experimental measurements and theoretical analysis, and further propose NaYbS 2 to be a QSL candidate and likely to be a Dirac QSL. We experimentally demonstrate a field-induced magnetic transition into an antiferromagnetically ordered state. We provide extra theoretical results and suggestion for further experimental verification in this material and other materials with similar structures.
Results.-The rare-earth ions in the rare-earth chalcogenides NaYbCh 2 (Ch = O, S, Se) have an ideal triangular lattice structure with a R3m space group symmetry [see Fig. 1 (a)]. The magnetic Yb 3+ ions are localized at the center of chalcogenide octahedra and form the triangular layers that are well separated by the non-magnetic NaCh 6 octahedra. Since the difference between the Na + and Yb 3+ ionic sizes is large, the anti-site disorder is eliminated. Thus, NaYbCh 2 has a perfect triangular lattice, and the intrinsic properties of the QSL, if there exists any, would be more clearly presented. We perform the neutron powder diffraction on NaYbS 2 and compare the results at 50 mK and 300 mK. The experimental data are shown in Fig. 1 (b) . The overplotting agreement suggests no long-range magnetic order in this system down to 50 mK, despite a Curie-Weiss temperature of Θ CW,⊥ = −13.5 K and Θ CW, = −4.5 K for the in-plane and out-of-plane suscepti- bility measurements [53] , respectively. The so-called frustration parameters are f > |Θ CW,⊥ |/(0.05 K) ≈ 270 for the inplane value and f > |Θ CW, |/(0.05 K) ≈ 90 for the out-ofplane value. Since the in-plane antiferromagnetic Curie-Weiss temperature is much larger than the out-of-plane one, one would expect the spin correlation between the in-plane spin components to be enhanced and contribute mostly to the diffusive scattering peak. Moreover, the exchange energy scale of NaYbS 2 is a couple times larger than the ones in YbMgGaO 4 , consistent with the enhanced Curie-Weiss temperatures. This advantage allows a wider temperature window to explore the QSL physics in this system at low temperatures. We perform the low temperature heat capacity measurements on the rare-earth chalcogenides NaYbS 2 down to 0.3 K. The results are plotted in Fig. 2 . No signature of magnetic transition is observed in the heat capacity for the zero magnetic field, and a broad peak occurs at about 1 K. This is a typical phenomenon of the QSL candidate materials. We obtain the lattice phonon contribution to the heat capacity from the isostructural non-magnetic material NaLuS 2 . From Fig. 2 (a) , the phonon part is almost negligible below 3 K. The entropy release for NaYbS 2 from 0.3 K to 20 K saturates up to 92% of the R ln 2 entropy (where R is the ideal gas constant), and it is reasonably consistent with an effective spin-1/2 description of the Yb 3+ local moments. It differs from YbMgGaO 4 where C/T diverges at low temperatures [30, 31] , and it was interpreted as the signature of U(1) gauge fluctuations for YbMgGaO 4 . For NaYbS 2 the intercept of C/T on the T = 0 axis is slightly larger than the one for NaYbO 2 , and the specific heat fits well with a T 2 behavior at low temperatures. This T 2 specific heat is consistent with the simple expectation from a Dirac QSL where the Lorentz invariance guarantees the T 2 behavior. A residual density of states, that contribute to the small intercept, could be regarded [64] as the impurity induced states at the Dirac cones.
As the external magnetic field is applied to NaYbS 2 , the specific heat develops more structures. As we have plotted in Fig. 2 (b) , a sharp finite temperature peak appears in the specific heat data at around 5 T and 7 T for NaYbS 2 , indicating a phase transition to an ordered state at about 1.3 K. At a higher field 9 T, the peak is suppressed again, implying a highly tunable ground state. Another observation is that the low-temperature specific heat below the peak temperature is strongly suppressed and C/T actually goes to zero in the zero temperature limit. The QSL ground state in NaYbS 2 is suppressed by the field and a new ordered state appears for a range of intermediate magnetic fields. Because of the anisotropic spin interactions between the Yb 3+ local moments, the excitation with respect to the ordered state is expected to be gapped. This is consistent with the suppressed heat capacity at low temperatures.
To reveal more detailed behaviors of the system under the magnetic fields, we continue to measure the DC, AC magnetizations as well as the spin torque of NaYbS 2 . The results are depicted in Fig. 3 . It is noted that the magnetic susceptibility in the zero field limit is always a constant. Although this seems to be consistent with a spinon Fermi surface state, this is actually expected from the fact that the total magnetization is not a conserved quantity. Thus, the constant spin susceptibility cannot be used to identify the QSL ground state for this material and other materials alike. Comparing to the magnetic susceptibility of NaYbO 2 [54] , that decreases rapidly with the magnetic field, NaYbS 2 shows a slightly increase of the susceptibility and then a drop at about 4 T. Combined with the heat capacity data of NaYbS 2 , we can infer that the QSL ground state persists up to about 4 T, and then the system experiences a phase transition to ordered phases. Meanwhile, the thermal fluctuation could excite another oblique phase at low magnetic field. Hence, this transition not only occurs at the finite temperatures, but also occurs at finite fields.
In Fig. 3 (c) , we depict the magnetic torque measurements with applied field along the ab-plane. The dM /dH curves measured between 30 mK and 600 mK show two peaks on the lower and upper critical fields. With increasing temper- The temperature dependence of the energy-integrated intensity and momentum-integrated intensity, respectively. Inset presented the related magnetic field dependence of NaYbS2 at 0.05 K. Error bars correspond to one standard error.
atures, this second peak becomes weaker and finally disappears around T = 1 K. These characteristics are closely related to the heat capacity measurements under fields. In Fig. 3  (d) , determining the phase boundaries by combing different measurements, we plot the magnetic phase diagram of temperature versus magnetic field for NaYbS 2 , which indicates the rare-earth chalcogenides could realize various exotic states and the ground states are highly tunable.
Neutron diffraction is a direct measure of the underlying magnetic orders by the magnetic Bragg peak. To establish the field induced magnetic order in NaYbS 2 , we perform the neutron diffraction measurement at 6 T and 50 mK and compare it with the result at 0 T and the same temperature 50 mK. The comparison is depicted in the inset of Fig. 1 (c) . The sharp magnetic Bragg peaks at finite wavevectors are well fitted with the ordering wave vector q ≈ (1/3, 1/3, 0), which seems to be compatible with the calculated antiferromagnetic orders that are induced by the finite magnetic fields. This q ≈ (1/3, 1/3, 0) state can be either a commensurate three-sublattice structure like the canted √ 3 × √ 3 Néel state, or the "up-up-down" (UUD) phase that is proposed for NaYbO 2 [54] . It can be also some other incommensurate state close to the commensurate one as will be discussed later.
Finally, we perform the inelastic neutron scattering (INS) measurements on NaYbS 2 both at zero field and at a finite magnetic field H = 6 T at 50 mK. This measurement contains the dynamical energy-momentum information about the magnetic excitations in the system. In Fig. 4 (a) , highly dispersive signals are revealed. Compared with the INS measurements on the single crystal of YbMgGaO 4 , the powder sample of NaYbS 2 gives less information. Since it is a powder sample, there would be no angular information of the momentum.
For the YbMgGaO 4 that is proposed to realize a U(1) spinon Fermi surface spin liquid, the experimental result on the crystal sample shows a clear V-shape at Γ point, well compatible with the theoretical calculation [31] . For the powder sample of NaYbS 2 , several key features can be lost due to the lack of angular information of momentum, however, there still exits a cone feature that can be distinguished at |Q| ≈ 1.2Å −1 from Fig. 4 (a) , which maybe correspond to the cone-like feature of the Dirac spin liquid, since the inter-Dirac cone scattering and intra-Dirac cone scattering processes would indeed present these characters at low energies. Meanwhile, for the spinon Fermi surface states, one expect to see large amount of low-energy intensity in a wider momentum range, which is clearly incompatible with the experimental data. With magnetic field H = 6 T, as depicted in Fig. 4 (b) , the low-energy spectral weight is mostly transferred to higher energies, consistent with our specific heat data that this field-induced state should be gapped.
Numerical simulation.-To understand the nature of the field-induced ordered states, here we investigate the microscopics of these materials. Because the Yb 3+ ion forms an effective spin-1/2 local moment from the combined effect of strong spin-orbit coupling and crystal electric field, we expect that the effective Hamiltonian shares the same form as [65] . We have set Jzz = 1 as the unit and J±/Jzz = 1.5 from the experimental input [53] . The hexagon refers to the Brillouin zone. The principle and satellite (antiferromagnetic) peaks in the spin structure factors are marked by solid and empty circles, respectively. The commensurate ordering wave vectors are marked in red while the incommensurate ones are in blue. In presence of magnetic field, the spins are tilted along the field direction which also contributes to the ferromagnetic peak marked by cross at the Γ point.
YbMgGaO 4 or can work as a starting point [30, 32, 41] with
where S i is the effective spin-1/2 operator acting on the doublet at site i, S ± i = S x i ± iS y i and γ ij is the bond-dependent phase factor defined in Ref. 30 and 65. Here we have neglected the next-nearest-neighbor (NNN) interactions, since the 4f orbitals of Yb 3+ ions are strongly localized, and NNN terms generally give rise to ordering at M point rather than K point. We have also omitted the interlayer coupling here and we will come back to this point later.
Previous works on XXZ model [66] revealed that upon external magnetic field, several three-sublattice orders emerge in the Ising coupling J zz dominated regime.
However, for NaYbS 2 strong easy-plane exchange anisotropy Θ CW,⊥ /Θ CW, ≈ 3 is revealed [53] . Moreover, XXZ model only supports conventional ordering [66] , thus from our data we expect the anisotropic terms J ±± and J z± terms should be relevant for the spin liquid behavior and the field-induced state here. To see the implications of these anisotropic terms, we perform classical Monte-Carlo simulations of the full model by treating effective spins as classical vectors |S i | = 1/2. The results are shown in Fig. 5 . Our numerical simulations did not find any UUD structure in the phase diagram with applied field along the c-axis, possibly due to much larger in-plane exchange interactions than out-of-plane ones for this material, or ignorance of quantum fluctuations in our classical analysis. Instead, we find in the phase diagram that the √ 3 × √ 3 canted Néel state and an incommensurate state are consistent with the q ≈ (1/3, 1/3, 0) ordering wave-vector observed in the experiment. This incommensurate phase is stabilized by combinations of anisotropic interactions J ±± and J z± , which could be relevant to QSL upon considering quantum fluctuations, and thus is interesting for theoretical and experimental studies. However, from the current experimental data we are unable distinguish the precise nature of this ordered state and this task is left for future study. For example, local probes such as NMR and µSR can be helpful to distinguish commensurate and incommensurate states.
Discussion.-In summary, our experiments demonstrate that the nearly ideal triangular lattice of Yb ion in strong spinorbit-coupled materials NaYbCh 2 can realize various exotic ground states. Especially, both the thermodynamic and the neutron scattering measurements suggest NaYbS 2 realizes a Dirac spin liquid state. According to fermion doubling theorem, in a lattice system there cannot be a single Dirac cone and the cones must at least come in pairs. In INS experiments, what is measured is the dynamical spin structural factor which corresponds the particle-hole pair of spinon excitations, and the intra-cone scattering will contribute to low energy spin excitations near Γ point, while inter-cone scattering corresponds to low energy spin excitations at finite momentum [31, 47] . Furthermore, the scenario of staggered π-flux Dirac spin liquid would double the unit cell of spinons. This results in an enhanced periodicity of the dynamical spin structure factor despite lack of magnetic ordering, which can be identified as a sharp feature to distinguish this peculiar fractionalized state from trivial spin glass. However, for the powder samples the clear feature of enhanced periodicity is smeared out due to lack of angular resolution. More experimental efforts on NaYbS 2 single crystals are highly desired to distinguish if this system really hosts this π-flux Dirac spin liquid state.
Additionally, the ground state of NaYbS 2 can be driven into a magnetically ordered state in intermediate magnetic fields. From our numerical studies, the strong easy-plane exchange anisotropy of NaYbS 2 prefers a canted 120 • state or an incommensurate state rather than an UUD state, and further experiments are desired to capture more precise natures of this intermediate phase.
Finally, we discuss the interlayer coupling of these materials. Compared with YbMgGaO 4 , the Yb layer distance along the c axis is reduced for NaYbS 2 , while the a axis of it is slightly larger, which leads to a smaller c/a ratio of 5.1 for NaYbS 2 relative to the c/a ratio of 7.4 for YbMgGaO 4 . Therefore, rather than a pure two dimensional model with anisotropic exchanges, a more precise theoretical analysis should naturally include interlayer couplings [54] , which could bring the interlayer geometric frustration that may preclude the order in NaYbCh 2 .
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